A one-pot synthesis of enantiomerically pure syn-1,3-diacetates starting from readily accessible racemic diastereomeric mixtures of 1,3-diols has been realized by combining (i) enzymatic transesterification, (ii) ruthenium-catalyzed epimerization of a secondary alcohol in a diol or diol monoacetate, and (iii) intramolecular acyl migration in a syn-1,3-diol monoacetate. The in situ coupling of these three processes results in an efficient enantioselective synthesis of acyclic syn-1,3-diacetates via combined deracemizationdeepimerization and constitutes a dynamic kinetic asymmetric transformation concept. Several differently substituted unsymmetrical, acyclic syn-1,3-diacetates were obtained in yields up to 73% with excellent enantioselectivities (>99%) and good diastereomeric ratios (>90% syn).
T
he use of enzymes for catalytic asymmetric synthetic transformations has increased dramatically during the last decade (1) (2) (3) (4) . In particular, lipases have emerged as efficient and robust biocatalysts that give good selectivities for a broad range of substrates (3, 4) . The determination of the first crystal structure of lipases in 1990 (5, 6) , preceded by a low-resolution crystal structure of a lipase from Geotrichum candidum in 1979 (7) , and the observation that lipases work well in organic solvents (8) (9) (10) (11) (12) were factors that stimulated the development and use of these enzymes.
More recently, the combination of enzymes and transition metals in coupled catalytic processes has attracted considerable attention (13) (14) (15) (16) (17) (18) (19) (20) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Simultaneous in situ racemization of the substrate by a transition metal and enzymatic resolution has resulted in efficient deracemization processes via so-called dynamic kinetic resolution (DKR). The first example of such a combination of a metal catalyst and a biocatalyst was reported in 1996 by Allen and Williams (13) , who used a lipase and palladium catalyst for DKR of allylic acetates. Later that year the same group used a lipase and a rhodium catalyst in combination to obtain a DKR of secondary alcohols with moderate efficiency (14) . At the end of 1996, Reetz and Schimossek (15) demonstrated that amines can be deracemized via DKR at a moderate rate by combining palladium on carbon with a lipase. In the spring of 1997, our group (16, 17) reported on a highly efficient DKR of secondary alcohols by the combination of a lipase and a ruthenium catalyst. The success of the process was due to (i) a specifically designed acyl donor, (ii) an efficient enzyme, and (iii) a stable and reliable ruthenium racemization catalyst. In 1999 also, a Korean group (27) reported on the combination of a lipase and a ruthenium catalyst for DKR of secondary alcohols. Since then a large number of functionalized alcohols have been shown to undergo efficient DKR by combination of an enzyme and a ruthenium catalyst (18) (19) (20) (22) (23) (24) (25) (26) (27) (28) (29) (30) .
In the present work we applied the combined transition metal͞ enzyme system to the enantioselective synthesis of acyclic 1,3-diols. Stereoselective synthesis of acyclic 1,3-diols has attracted much attention, because these units occur as structural elements in a large number of polyketide natural products (31, 32) and polyene macrolide antibiotics (33, 34) . Much work has been devoted to the development of enantio-and diastereoselective methods for the synthesis of syn-and anti-1,3-diols (34-37). The most common method for preparation of polyol frameworks consists of the two-step aldol reaction-reduction. Another efficient method is the transition metal-catalyzed hydrogenation in which two stereocenters are created in one reaction. Several chiral ligands have proven highly efficient for this purpose (38) (39) (40) (41) . An elegant enzymatic approach to all four stereoisomers of ␤,␦-dihydroxy hexanoates was accomplished recently by the use of two enantiocomplementary biocatalysts for the reduction of 6-chloro-3,5-dioxohexanoates, followed by diastereoselective borohydride reductions of the ␦-hydroxy-␤-keto esters obtained (42) .
From deuterium labeling studies we recently demonstrated that syn-1,3-diol monoacetates undergo facile 1,3-acyl migration during enzymatic transesterification (43) . This migration explained the unexpected low diastereoselectivity found in kinetic asymmetric transformation (KAT) (44, 45, †) and dynamic KAT (DYKAT) (23, 46-48, ‡) of symmetric acyclic 1,3-alkanediols using Candida antarctica lipase B (CALB, EC 3.1.1.3). In the present work, we have taken advantage of this facile syn-1,3-acyl transfer and have coupled it successfully with a ruthenium͞lipase system. The coupled process constitutes a highly enantioselective deepimerizationderacemization in which 1,3-diols 1, containing one large and one small group, are transformed to enantiomerically pure syndiacetates 2 (Scheme 1). This constitutes a DYKAT in which a syn-selective acyl migration is coupled with a chemoenzymatic transformation.
Experimental Procedures
For general information on materials and analysis and for analytical data of compounds 1a-1c, 1e-1g, 2a-2d, 2f, 2g, 7c, and 7e, see Supporting Text, which is published as supporting information on the PNAS web site.
General Procedures for DYKAT of 1,3-Diols. Method A. An argonbubbled (1 min) solution of diol 1a (98 mg, 0.612 mmol) and isopropenyl acetate (14) (0.67 ml, 6.12 mmol) in toluene (2.45 ml) was added at room temperature (rt) to a Schlenk tube containing CALB (37 mg), ruthenium catalyst 8 (27 mg, 0.024 mmol), and 4-Å molecular sieves (Ϸ10 rods) under argon. The mixture was bubbled with hydrogen from a balloon (1 min). The tube then was closed, and the reaction was stirred at 70°C (bath temperature) for 72 h. Method B. An argon-bubbled (1 min) solution of diol 1d (59 mg, 0.27 mmol) and acyl donor 14 (0.30 ml, 2.7 mmol) in toluene (2.2 ml) was transferred at rt to a Schlenk tube containing CALB (16 mg) and ruthenium catalyst 8 (12 mg, 0.011 mmol) under argon. The tube was closed, and the reaction was stirred at 70°C (bath temperature) for 12 h. Then the mixture was allowed to reach rt and was bubbled with hydrogen from a balloon. The reaction was stirred at 70°C under an atmospheric pressure of hydrogen until it was quenched. Method C. An argon-bubbled (1 min) solution of diol 1c (58 mg, 0.32 mmol) and p-chlorophenyl acetate (PCPA) (0.164 g, 0.96 mmol) in toluene (2.5 ml) was transferred at rt to a Schlenk tube containing CALB (19 mg) and ruthenium catalyst 8 (14 mg, 0.013 mmol) under argon. The tube was closed, and the reaction was stirred at 70°C (bath temperature) for 72 h. Method D. See the Table 3 footnotes for details.
General Procedures for Preparation of 1,3-Diols: 1-(2-Naphtyl)-1,3-butanediol (1d). n-BuLi (11.6 ml, 18.6 mmol) was added slowly to a stirred solution of diisopropylamine (1.88 g, 18.6 mmol) in tetrahydrofuran (15 ml) at Ϫ15°C. The solution was stirred for 20 min at Ϫ15°C and then was cooled to Ϫ78°C. Acetone (1.08 g, 18.6 mmol) in tetrahydrofuran (1 ml) was added dropwise, and the mixture was stirred at Ϫ78°C for 20 min. 2-Naphtaldehyde (2.98 g, 18.6 mmol) then was added dropwise under stirring, and the resulting reaction mixture was stirred at Ϫ78°C for an additional 15 min and subsequently quenched with saturated NH 4 Cl (15 ml). The mixture was allowed to reach rt and was extracted with Et 2 O. The combined organic layers were washed with water (20 ml) and brine (20 ml), dried (MgSO 4 ), and concentrated. Flash chromatography of the bright-yellow residue [pentane͞EtOAc (4:1)] gave hydroxyketone 7d (2.21 g, 55%). NaBH 4 (0.464 g, 12.3 mmol) was added to hydroxyketone 7d (2.19 g, 10.2 mmol) in MeOH (50 ml). The reaction mixture was stirred at rt for 1 h and then was quenched with water (40 ml) and extracted with CH 2 Cl 2 . The organic layers were washed with brine (50 ml), dried (Na 2 SO 4 ), and concentrated. Filtration through silica (EtOAc) afforded diol 1d (2.13 g, 96% 
Results and Discussion
From deuterium labeling studies, we recently were able to explain the mechanism for the previously observed and unexpected low diastereoselectivity in enzymatic KAT and chemoenzymatic DYKAT of stereoisomeric mixtures of (meso ϩ dl) symmetrical diols (43) . It was found that, in the case of 1,3-diols, the unexpectedly large proportion of meso-diacetate produced (i.e., the low diastereoselectivity) was caused by an intramolecular acyl migration in the syn-1,3-diol monoacetates.
For an unsymmetrical 1,3-diol 1 with a large and a small group, only one of the alcohol groups will be accessible to the enzyme. Chemoenzymatic transformation of the alcohol next to the small group using an enzyme and a ruthenium epimerization catalyst would give a mixture of R-monoacetates 3 and 5 (Scheme 2). Monoacetate 3 can undergo fast syn-acyl migration to give 4, whereas the corresponding anti-acyl migration from 5 is slow. Because of the ruthenium-catalyzed epimerization of 5 to 3, almost all of the monoacetate will be converted to 4 via the syn-acyl transfer. The released R-alcohol in 4 will finally undergo fast enzymatic acylation to give enantiomerically pure diacetate 2.
Preparation of Starting Materials. 1,3-Diols 1a-1g were prepared by standard techniques in two steps from commercial aldehydes and acetone or 2-butanone (Scheme 3). Diols 1a and 1b also were obtained by reduction of the corresponding diketone (49). Investigations of the DYKAT System with PCPA as Acyl Donor. In the very first attempts to combine the intramolecular acyl migration with the enzyme-catalyzed transesterification and the ruthenium-catalyzed epimerization, we used CALB, PCPA, and Shvo's ruthenium catalyst 8 (50) in toluene. PCPA was used as acyl donor, because it is known to be compatible with the rutheniumcatalyzed racemization of alcohols. Use of, e.g., the common acyl donor vinyl acetate results in the formation of acetaldehyde after the acyl-transfer process, which interferes with the ruthenium hydrogen-transfer catalysts usually used in the DKR (16) . Toluene was chosen as solvent, as the efficiency of the combined ruthenium-and enzyme-catalyzed process is generally higher in toluene than in other solvents because of the good solubility of ruthenium catalyst 8 in toluene. An important feature of the Shvo catalyst 8 is that it does not require the addition of an external base as a cocatalyst but is activated simply by heat causing the ruthenium dimer to dissociate into the active complexes 8a and 8b (Scheme 4). The presence of base can cause undesired side reactions in the intermediate product en route to the product diacetate, and the basicity and quantity of base have to be tuned carefully not to affect the enzyme. Subjecting diol 1a to the DYKAT system at 70°C using 4 mol % of catalyst 8 led to disappearance of all starting material after 24 h. However, only 34% of diacetate 2a had been formed, and the remainder of the converted starting material was monoacetate and ketoacetate. Interestingly, the diacetate 2a produced was enantiomerically pure [Ͼ99% enantiomeric excess (ee)] and was mainly of the syn form, with a syn͞anti ratio of 91:9 (Table 1, entry 1) .
The assignment of the syn-and anti-diacetates 2a was done by transformation to acetonides and subsequent analysis by the [ 13 C]acetonide method of Rychnovsky et al. (51) . Despite the modest yield obtained, the result in entry 1 (Table 1) shows that the principle of combining the acyl migration with the transesterification and the epimerization works because the yield of enantiomerically pure (Ͼ99% ee) 2 is Ͼ23% (syn͞anti ratio of starting material is 45:55). The results are consistent with acetyl migration being faster in the syn-diol monoacetate compared with the antidiol monoacetate (see below).
The E value for the unsymmetrical diol was determined by studying the KR of racemic anti-diol 1b (Scheme 5). The product 5b was obtained in Ͼ99% ee at 33% conversion (20 min), which shows that the E value is Ͼ300 and explains why an excellent ee is obtained even after prolonged reaction times in the DYKAT. Variations in concentrations and the ''water effect.'' The effect of the substrate concentration on the efficiency of the DYKAT was investigated in the interval 0.125-0.8 M. The yield of diacetate was essentially unaffected up to 0.5 M. At 0.8 M the reaction was less efficient, and more of the starting material was oxidized to diketone. An increase of the acyl donor to 6 eq did not increase the yield. At prolonged reaction times the production of diacetate 2 ceased. The major by-product then was acetoxyketone (compare with 11 in Scheme 6). Traces of regioisomers and diastereomers of the monoacetylated diols (acetoxyalcohols) 5a and 5b were detected also.
During the work with DYKAT of diol 1a we observed that the presence of water, supposedly bound to the hygroscopic diol, had a negative effect on the reaction. To estimate this effect, three DYKAT experiments were run in toluene with the same batch of diol 1a. To the first reaction 0.3 eq (to diol) of water were added. The second reaction was run under standard conditions (Table 1 , entry 1), and the third was carried out in the presence of 4-Å molecular sieves (Table 1 , entry 2). After 24 h the yields of product were 24%, 34%, and 43%, respectively, with the highest yield in the one with molecular sieves. This result shows that there is a small but significant negative effect by water, which may reflect the reversibility of the enzymatic esterification. Irreversible esterification requires anhydrous conditions. Hydrogen transfer using external hydrogen sources. The major byproduct consistently seemed to be acetoxyketone, which indicates problems with the hydrogen transfer. A plausible explanation for this problem is loss of hydrogen from 8a. The formation of ketone can be overcome partly by the addition of a hydrogen source to the system, either as a sterically hindered alcohol that cannot be enzymatically acetylated, such as 2,4-dimethyl-3-pentanol (9) (25, 52) and 2,6-dimethyl-4-heptanol (10) (30, 53), or as hydrogen gas (54) . Several such PCPA-based systems have been reported for derivatized secondary alcohols. The addition of 9 was investigated first. SurprisScheme 5. Determiniation of the E value of anti-diol 1b. ingly, the addition of 9 in different amounts and at different times did not have any effect on the amount of diacetate produced.
Next, 10 was tried as a hydrogen source. The addition of 0.5 eq of 10 after 24 h gave an improvement, and the yield of diacetate 2a was 60% after 81 h (Table 1, entry 3) . At this stage, all the added alcohol 10 had been oxidized to the corresponding ketone. Despite the addition of more 11, the production of 2a stopped.
Attention then was turned to hydrogen gas as hydrogen donor. When the reaction was run under an atmospheric pressure of hydrogen from the start, again 30% diacetate was obtained after 24 h. The conversion of diol was noticeably slower under hydrogen than under argon, and 35% of the starting material remained after 24 h. Starting the reaction under argon for 24 h in the presence of molecular sieves and then changing to hydrogen gave (after a total reaction time of 72 h) diacetates in 58% yield for diol 1a (Table 1 , entry 4) and 53% yield for diol 1b (Table 1 , entry 5). It is plausible that the somewhat higher diastereoselectivity obtained for diol 1b reflects its higher steric hindrance in the acyl migration.
The major by-products from diols 1a and 1b were either acetoxyketone 11 or acetoxyalcohol 5. The nature of the byproduct depended on whether the reactions were run under argon (accumulation of acetoxyketones 11; Scheme 6) or hydrogen (accumulation of acetoxyalcohols 5; Scheme 6). The possibility of an unwanted diastereoselectivity in the hydrogen readdition to acetoxyketones to yield mainly anti-monoacetates could be excluded when a separate study of this readdition resulted in a diastereomeric ratio (dr) of syn͞anti ϭ 43:57. It is interesting to note that when the benzyl-substituted diol 1c was allowed to react under argon, still no corresponding acetoxyketone could be detected (Table 1 , entry 6). A higher yield of diacetate was obtained after 24 h, but again the reaction did not go on to completion and the major by-product was acetoxyalcohol, which suggests a more favorable hydrogen readdition to this less sterically hindered acetoxyketone from ruthenium complex 8a.
The readdition might simply be very slow because of steric hindrance or the diol monoacetate might lead to a substrate inhibition of the catalyst not seen for any of the simple alcohols, the racemization of which has been studied previously together with catalyst 8. An experiment was performed in which the reaction was started under argon, which was exchanged for hydrogen after 1 day. The change of atmosphere was repeated three more times over a period of 6 days, which gave 62% diacetate of a dr ϭ 90:10. Studies of the epimerization rate. It seemed likely that epimerization is the slow step of the DYKAT process, and therefore the rate of epimerization was studied on anti-diol 1b (Scheme 7). The diastereomers of diol 1b are easily distinguished by 1 H NMR spectroscopy. Treatment of diastereomerically pure anti-1b with 4 mol % of 8 at 70°C for 24 h gave syn-1b͞anti-1b͞12 ϭ 1:1:0.5 ( 1 H NMR). The same reaction run at 80°C furnished syn-1b͞ anti-1b͞12 ϭ 1:1:1, whereas the use of 8 mol % of 1 also at 80°C afforded syn-1b͞anti-1b͞12 ϭ 2:1.3:1. These results show that the rate of epimerization is slow and is responsible (at least in part) for the low yield of diacetate in the DYKAT. Epimerizations of (2R,4S)-2,4-nonanediol (ent-1a) and (2R,4R)-2-acetoxy-4-nonanol (an acetoxy derivative of ent-1a) were also performed, and similar results were obtained. Rate of acyl migration. In the cyclic intermediates formed during acyl migration in syn-diol monoacetates, both the 1-and 3-substituents occupy equatorial positions, whereas the corresponding intermediate from anti-diol monoacetates must have one substituent axial and one equatorial position § (Scheme 8). Therefore, anti-acyl migration will be slower, which would explain the preferential formation of 1,3-syn-diacetate.
We next studied the rate of acyl migration as a possible bottleneck in the DYKAT process. Enzymatic acylation of meso-2,4-pentanediol at 70°C to give the corresponding diacetate involves three reactions (Scheme 9) (43) .
The first reaction is the stereoselective R-acylation to give the (R)-monoacetate. This reaction is followed by an acyl migration to give the (S)-monoacetate, which is enzymatically acylated in the third step to produce the diacetate. In this reaction, k 2 ϭ k Ϫ2 , k 1 Ͼ Ͼ k 2 , and k 3 Ͼ Ͼ k 2 . The slow and rate-determining step therefore will be the acyl migration. Because k 3 Ͼ Ͼ k Ϫ2 , the back reaction of the acyl migration can be neglected. Therefore, the rate of the formation of the diacetate will be a direct measurement of the rate of acyl migration. The kinetics is first-order in which t 1/2 is 1.75 h at 70°C in toluene (Fig. 1) .
To estimate the rate of the acyl migration for the diol substituted with a large substituent, KR of racemic diol syn-1 was § ⌬⌬G 0 in methyl cyclohexane is Ϸ1.7 kcal/mol (21). studied (Scheme 10). The presence of a more bulky substituent did not give a slower acyl migration, and after 2.5 h, 42% enantiomerically pure syn-diacetate 2a was observed. These experiments clearly show that the acyl migration cannot be the bottleneck in the DYKAT process, which is run at 70°C in toluene for Ͼ24 h. The reactions were carried out by using 60 mg of CALB͞mmol diol, 10 eq of isopropenyl acetate, 4 mol % of Ru-catalyst 8 and the substrate diol as 0.125 M in dry toluene. 
Investigations of the DYKAT System with Isopropenyl Acetate as Acyl
Donor. Vinyl acetate is a commonly used acyl donor in lipasecatalyzed KR. It was tried in the very first attempts to develop a chemoenzymatic DKR of simple secondary alcohols (14, 16) . However, low yields of product were obtained by using vinyl acetate as acyl donor because of the formation of acetaldehyde on deacylation. The latter interferes irreversibly with ruthenium complex 8a, hence making 8a inaccessible for racemization of the substrate. Isopropenyl acetate (14) , from which acetone is formed in the acylation step, worked to some extent (16) but partly suffered from the same problem. Recent results from our laboratory (54) on the addition of hydrogen to the DKR of 1-phenylethanol, using CALB and 14 as acyl donor, are very promising. Kim and coworkers (29) recently reported on the use of 14 as acyl donor together with ruthenium complex 13 as racemization catalyst (Scheme 11).
Exposing diol 1b to the procedure of Kim and coworkers led to a less efficient and less selective transformation (Table 2, entry 1). A breakthrough in our efforts was the use of ruthenium catalyst 8 in combination with isopropenyl acetate (14) . After 12 h under argon, a not-very-impressive yield of 12% diacetate was obtained, but the diastereoselectivity was very high, and when argon was changed to hydrogen, the rate was increased; after 89 h, 73% diacetate 2b was obtained in a dr of 93:7 (Table 2, entry 2). Running the reaction under hydrogen from the beginning resulted in a much faster initial rate, which, however, declined more quickly (Table 2 , entry 3). Introducing molecular sieves to this system did not result in the same improvement as with PCPA as the acyl donor. It was of interest to try hydrogen donor 10 in this system, which gave a slower reaction that ceased at 35% (Table 2, entry 4) . However, when hydrogen was added after 50 h to the system, the production of diacetate started again, and after 5 days, the yield had reached 76%. It is interesting to note the favorable situation of combining two hydrogen donors. To determine whether the use of isopropyl acetate (15) would make the inclusion of any hydrogen donor unnecessary, this acyl donor was applied to the reaction, but the yield went down (Table 2 , entry 5). Also, attempts to combine acyl donors 14 and 15 were unsuccessful (Table 2, entry 6).
Scope and Limitations of the DYKAT. Diols 1a-1g were exposed to DYKAT. Four procedures (methods A-D) have been investigated and applied to different diols (Table 3) . Use of isopropenyl acetate (14) as acyl donor in combination with hydrogen (and alcohol 10) had proved to give the highest yields of diacetates 2 ( Table 2 , entry 4). Hence, three of the methods include acyl donor 14 and hydrogen. Using molecular sieves with a substrate concentration of 0.25 M and running the reaction under hydrogen from the start gave 69% diacetate 2a after 72 h (method A). Diols 1b-1d and 1f were run at a substrate concentration of 0.125 M, without sieves, under argon the first 12 h and thereafter under hydrogen (method B). Benzylic diol 1c did not give acetoxyketone 2c when run under argon, and a higher yield was obtained with PCPA under an argon atmosphere (Table 2 , entry 4, method C). Method D uses sequential KAT͞DYKAT.
Conclusions
We have developed a DYKAT of readily accessible racemic diastereomeric mixtures of unsymmetrical, acyclic 1,3-diols to enantiomerically pure (ee Ͼ 99%) syn-1,3-diacetates (Ͼ90% syn) in one pot. This deracemization-deepimerization of 1,3-diols relies on the fine-tuned cooperation of a lipase-catalyzed transesterification, a ruthenium-catalyzed epimerization, and an intramolecular acyl migration. Interestingly, the choice of acyl donor was crucial for the efficiency of the DYKAT. The use of isopropenyl acetate as acyl donor gave a significant improvement of the process.
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